Smoking is the most important risk factor for both lung cancer (LC) and chronic obstructive pulmonary disease. The aim of this study was to investigate the role of myeloid cell nuclear factor-kB in the regulation of tumor cell growth signaling. We subjected mice lacking myeloid RelA/p65 (rela D À / À ) to a metastatic LC model. Cigarette smoke (CS) exposure significantly increased the proliferation of Lewis lung carcinoma cell tumors in wild-type mice. In CS-exposed rela D À / À mice, the tumor growth was largely inhibited. Transcriptome and pathway analysis of cancer tissue revealed a fundamental impact of myeloid cells on various growth signaling pathways, including the Wnt/b-catenin pathway. In conclusion, myeloid RelA/p65 is necessary to link smoke-induced inflammation with LC growth and has a role in the activation of Wnt/b-catenin signaling in tumor cells.
INTRODUCTION
Cigarette smoke (CS) is the most important risk factor for lung cancer (LC) and several other lung diseases, including chronic obstructive pulmonary disease (COPD), which is characterized by a chronic inflammatory response in the lung. 1 From clinical investigation, it is known that the presence of COPD significantly increases the risk of developing LC as compared with smokers without COPD. 2, 3 In general, chronic inflammation has been suggested to be involved in tumor initiation with reactive oxygen and nitrogen species causing DNA damage. 4 Nuclear factor (NF)-kB-driven inflammation is linked to the development of several cancer entities, including colon or hepatocellular carcinoma. 5, 6 Recent data showed that tobacco smoke promotes lung tumorigenesis by triggering IkB kinase beta (IKKb). 7 NF-kB-driven cytokine production by myeloid cells is required for colitis-associated cancer growth. 5 Tumor necrosis factor-a (TNF-a) is a NF-kB-dependent inflammatory factor released by myeloid cells. 8 Mice deficient in TNF-a showed markedly reduced lung tumor multiplicity and mortality after inoculation with Lewis lung carcinoma (LLC) cells. 9 TNF-a from host hematopoietic cells promotes lipopolysaccharide-induced colon adenocarcinoma growth in a murine lung metastasis model. 10 It was the aim of the present study to investigate whether smoke-induced inflammation augments the growth of LC in a murine model and which growth signaling pathways in cancer cells are activated. We used mice with myeloid cell-depleted RelA/ p65 11, 12 to demonstrate that activation of RelA/p65 in myeloid cells is required for activation of growth signaling in tumor cells. To characterize the consequences for tumor cell biology, we applied transcriptome and pathway analysis of cancer cells and mechanistic studies.
RESULTS

CS induces inflammation dependent on myeloid RelA/p65
NF-kB has a key role in the inflammatory and immune responses. To assess the contribution of RelA/p65 to CS-induced lung inflammation, we used rela D À / À Â LysMCre mice that specifically lack RelA/p65 in the myeloid lineage. 12 To demonstrate that genetic modification results in a significant decrease of intracellular p65 in myeloid cells of the lung, lysates of cells obtained from bronchoalveolar lavages (BALs) were analyzed by western blot for the presence of RelA/p65 ( Figure 1a) .
In an inflammatory, murine cancer model (Figure 1b ), CS exposure led to significantly increased total cell number and absolute numbers of macrophages, neutrophils and lymphocytes in BALFs of wild-type (WT) and myeloid RelA/p65-deficient mice as compared with air-exposed mice (Figure 1c ). The concentrations of interleukin-6, keratinocyte-derived chemokine and TNF-a were significantly increased after CS exposure in the lungs of WT mice but not in the lungs of myeloid RelA/p65-deficient mice (Figure 1d ). In microarray analysis, the exposure of WT mice to CS resulted in an upregulation of the KEGG chemokine and cytokine-cytokine receptor interaction (Gene Set Enrichment Analysis (GSEA): P ¼ 0.011 and 8.27e-6, overrepresentation analysis (ORA): P ¼ 3.2304e-07 and 4.87808e-05) and of many other pathways and categories related to the immune system (see Supplementary Table S1 ). However, the KEGG chemokine and cytokine-cytokine receptor interaction pathways were found to be downregulated in a GSEA comparison of the relac À / À mice (air vs CS) (P ¼ 0.002 and 0.0002). These data show that depletion of myeloid RelA/p65 alters the influx of inflammatory cells into the lung after smoke challenge and mediates the synthesis and release of inflammatory mediators, such as pro-inflammatory cytokines.
Myeloid RelA/p65 is necessary for metastatic lung tumor growth We next investigated whether CS-induced inflammatory response contributes to lung tumor growth. Tumors were generated by injection of 2 Â 10 5 LLC cells in WT mice and rela D À / À mice followed by 7 days CS exposure and 7 days rest interval (Figure 1b) . Lung weights and the numbers of tumor nodules were determined at day 21. WT mice exposed to CS exhibited significantly higher lung nodule numbers and lung weights as compared with the air exposure control animals (Figures 2a-c) . Deletion of RelA/p65 in myeloid cells significantly reduced lung tumor nodule numbers and lung weights in air-and smokeexposed mice (Figures 2a-c) . Hematoxylin and eosin staining confirmed the massive increase of tumor load in WT mice exposed to CS and the significant reduction of tumor growth in rela (Figure 2a) . Injection of tumor cells after smoke exposure resulted in reduced tumor growth as compared with animals in which tumor development coincided with smoke exposure (Figure 2d ). Tumor growth was reduced in animals with myeloid p65/RelA depletion. We also assessed the survival times of tumorinjected WT or rela D À / À mice that were exposed to air or CS by
Kaplan-Meier survival analysis and found that deletion of p65 in myeloid cells resulted in increased survival (Figure 2e ).
Myeloid depletion of RelA/p65 results in decreased secretion of TNF-a from macrophages To investigate whether recruitment of myeloid cells into tumors depends on RelA/p65, we examined the infiltration of macrophages in tumor nodules by CD 68 immunostaining. CS exposure was associated with increased numbers of macrophages in the tumor areas (Figure 3a) . RelA/p65 ablation did not significantly alter the recruitment of macrophages as compared with WT mice (Figure 3a) . The GSEA analysis of the microarray data of resected tumors of WT mice (air vs smoke) revealed an upregulation of the gene ontology (GO) cell chemotaxis category (P ¼ 0) and especially of the GO leukocyte chemotaxis (P ¼ 2.88 Â 10 À 6 ), GO neutrophil chemotaxis (P ¼ 5.41 Â 10
), GO-positive regulation of macrophage chemotaxis (P ¼ 9.65 Â 10 À 5 ) and GO granulocyte chemotaxis (P ¼ 9.65 Â 10 À 5 ) but a downregulation of KEGG leukocyte transendothelial migration (P ¼ 0.0026) categories.
As TNF-a was reduced in lung homogenates of rela D À / À mice (Figure 1d ), we used immunostaining to determine whether TNF-a production in myeloid cells is altered in mice with dysfunctional RelA/p65. In mice exposed to CS, expression of TNF-a in myeloid cells was increased, while rela D À / À mice revealed much weaker staining (Figure 3b ). These data suggest that cytokines released from myeloid cells regulates tumor growth. Next, we compared the transcriptome of dissected cancer from WT mice and rela D À / À mice with or without CS exposure. Depletion of myeloid Rela/p65 resulted in a strong downregulation of the cell cycle and associated categories (DNA replication, mitotic M-phase, and so on, see Supplementary Tables S2 and S3) in knockout mice, both in the air-and CS-exposed groups. Moreover, genes involved in apoptosis pathways were significantly upregulated (P ¼ 0.00032) in tumors dissected from rela D À / À mice. Whereas some cytokines were downregulated in the knockout mice, the previously reported chemokine and cytokine-cytokine receptor pathways were upregulated in the knockouts and a strong activation of genes of the immune system was apparent (leukocyte activation involved in immune response, immune system process, adaptive immune response, leukocyte differentiation, cell killing, leukocyte-mediated cytotoxicity, T-cell-mediated cytotoxicity (P ¼ 0)). We obtained similar results for the comparison of WT mice and rela D À / À mice with CS exposure.
To visualize the influence of RelA/p65 on gene regulation in the tumor tissue, we generated a heat map (Figure 4a ) that shows the expression of all genes that were twofold differentially expressed between WT mice under air and smoke exposure. Rows and columns were clustered using complete linkage agglomerative clustering. Whereas smoke strongly dysregulated the expression of the selected genes in WT mice, these changes are not visible for rela D À / À mice. The clustering shows that the expression pattern of the knockout under smoke exposure is more similar to the pattern of the WT without smoke exposure than to the WT with smoke exposure.
We then investigated whether specific growth pathways are activated dependent on myeloid NF-kB. In contrast to the air exposure group, expression of cyclin D1, c-myc and proliferating cell nuclear antigen (PCNA) was induced in response to CS treatment in lung tumors of WT mice (Figure 4b ). Immunoblot analysis of tumor lysates of WT mice revealed upregulation of c-jun, ERK (extracellular signal-regulated kinase) phosphorylation, signal transducer and activator of transcription factor 3 (STAT3), and STAT3 phosphorylation in lung tumors after CS exposure (Figure 4b ). Truncation of RelA/p65 in myeloid cells significantly reduced the expression of cyclin D1, c-myc and PCNA as well as activation of STAT3 and c-jun in tumor cells (Figure 4b ). To investigate whether smoke exposure or myeloid inflammation has an impact on apoptosis of tumor cells, we performed TUNEL (terminal deoxinucleotidyl transferase-mediated dUTP-fluorescein nick end labeling) staining and found no significant differences between the groups (Supplementary Figure S1) .
Wnt/b-catenin signaling has important roles in embryonic development and tumorigenesis. [13] [14] [15] Unphosphorylated b-catenin was examined in lung tumors of WT mice and rela
mice by immunostaining. We found strong staining in the tumor cells of WT mice after CS exposure, whereas rela D À / À mice showed decreased staining (Figure 4c ). These results were confirmed by immunoblot analysis for unphosphorylated b-catenin in tumor lysates (Figure 4d ). These data show that myeloid RelA/p65 regulates tumor cell proliferation and activates growth signaling cascades.
Macrophage TNF-a activates Wnt/b-catenin signaling through glycogen synthase kinase 3b (GSK3b) and Akt To dissect the cellular pathways involved in myeloid RelA/p65-induced Wnt/-catenin signaling in cancer cells, we performed in vitro and ex vivo tissue coculture models using human peripheral blood monocyte-derived macrophage and A549 cells. ( Figure 5b ). These findings suggest that RelA/p65 in macrophages is required for promotion of Wnt/b-catenin signaling in cancer cells.
Administration of TNF-a significantly increased the accumulation of unphosphorylated b-catenin in A549 cells after 4 h (Figure 5c ). Addition of a neutralizing antibody against TNF-a significantly suppressed macrophage-induced accumulation of unphosphorylated b-cateninin in A549 cells (Figure 5d ). To test whether TNA-a is critical for the activation of the Wnt/bcatenin pathway in vivo, we treated animals with etanercept during the smoke exposure phase and found that this TNF-a blocking antibody significantly reduced staining for unphosphorylated b-catenin (Figure 5e ), confirmed by western blotting (Figure 5f ).
GSK3b has been shown to phosphorylate b-catenin, leading to its degradation through the ubiquitin pathway 13, 16 .
Furthermore, Akt has been reported to be involved in Wnt signaling by phosphorylating GSK3b at Ser9 13, 17 . A549 cells were treated with TNF-a, and proteins were analyzed for GSK3b phosphorylation on Ser9 and Akt phosphorylation on Ser473. TNF-a exposure resulted in phosphorylation of GSK3b and Akt in A549 cells (Figure 5c ). These results suggest that TNF-a promotes the Wnt/b-catenin pathway by phosphorylation of GSK3b and the activation of the Akt pathway.
The Wnt/b-catenin signaling pathway is active in human LC To investigate whether the described mechanisms and pathways are relevant in patients, we analyzed human LC samples by immunohistochemical detection of macrophages (CD68), TNF-a and unphosphorylated b-catenin. 
DISCUSSION
The main finding of the present study is that myeloid inflammation regulates growth of lung tumors by modulation of various signaling pathways in cancer cells, including the Wnt/-catenin pathway.
The present data highlight the role of inflammation in LC development. Clinical data 2, 3, 18, 19 and preclinical models provide evidence of a mechanistic connection between inflammation, the role of NF-kB and LC development. 7, 20, 21 Inflammation triggered by Haemophilus influenzae resulted in increased numbers of tumors in a k-ras-dependent murine cancer model. 22 Myeloid cell IKKb and epithelial NF-kB appear to have a role in the induction of lung tumorigenesis. 7, 23 In the present study, myeloid RelA/p65 regulates the influx of inflammatory cells and the release of inflammatory mediators during smoke exposure. Tumor growth and cancer cell proliferation were largely dependent on smoke exposure and functional myeloid RelA. Smoke-induced inflammation appears to be a critical factor for tumor progression as only tumors developing during smoke exposure showed a fast growth rate. In tumor tissue, numerous cytokine categories were found upregulated in the transcriptome analysis. The present data confirm earlier findings that TNF-a has a central role in the regulation of cancer cell biology. 7, 10, 24 The effect of myeloid cells on tumor cells was ablated by the application of TNF-a-blocking antibodies in vivo and in vitro.
The biology of macrophages is significantly altered in COPD, their numbers in BAL is largely increased in COPD patients. 1 In the present model, the numbers of macrophages were increased in the BALFs of smoke-exposed animals with significant reduction in animals with myeloid p65/RelA depletion. By contrast, macrophage numbers in tumor tissues did not change significantly in animals with myeloid p65/RelA depletion, although these cells showed less TNF-a staining. Tumor-associated macrophages often express many M2-specific genes, 25 and their presence in LC has been correlated with poor prognosis of LC patients. 26, 27 Activated macrophages release inflammatory cytokines that augment tumor growth and stimulate angiogenesis. 28 Data from the present study and from the Karin group 7 indicate that the NF-kB pathway in macrophages is a key regulator of LC development. NF-kB is a pivotal transcription factor that regulates numerous genes in macrophages. The NF-kB pathway comprises the transcription factors RelA (p65), RelB and RelC and the precursor proteins NF-kB1 (p105) and NF-kB2 (p100). Genetic ablation of myeloid IKKb resulted in decreased tumor growth in models of colitis-associated cancer. 5 As compared with depletion of IKKb, 7,29 depletion of the transcription factor RelA/p65 also results in significantly reduced inflammation after smoke exposure and decreased tumor growth. The regulation of the NF-kB pathways is complex and involves multiple crosstalks with other signaling ways. 30 IKKb, the gene that was deleted in the study of the Karin group, 7 directly impacts on regulation of inflammation or oncogenesis bypassing the classical NF-kB pathway, 31 for example, by phosphorylation of the tumorsuppressor Foxo3 32, 33 or the activation of the MAPK pathways. 34 In the present study, we analyzed the impact of RelA/p65 depletion on inflammation and tumor growth. The heatmap display of the array analysis demonstrates that the transcriptome of the tumor tissue is drastically modulated by myeloid p65/RelA. Although this tissue-based analysis did not allow determining the activation profile of a specific cell type, transcriptome analysis of cocultured tumor cells and macrophages revealed complex interaction between tumor cells and macrophages. 35, 36 A critical question is whether myeloid inflammation is sufficient to impact on prominent cellular pathways of cancer cells. LC development has been linked to numerous genetic alterations, and various signaling pathways are altered, including the Wnt signaling. 37 Although it is evident that LC growth depends on stimulation by myeloid cells, the pathways activated in cancer cells by the inflammatory environment are largely unknown. In the present study, we performed a pathway analysis based on the transcriptome of tumor cells and found that that the dysregulation of cancer cell gene expression by smoke-induced inflammation depends largely on myeloid RelA/p65. Subsequently, we confirmed the activation of specific pathways and the In clinical studies, aberrant Wnt1/ b-catenin expression was found to be an independent poor prognostic marker of non-small cell LC. 39 In the present study, TNF-a was associated with the activation of Wnt/b-catenin signaling in A549 cells. TNF-a activates the Akt pathway and inactivates the GSK3b pathways in cancer cells in vitro. The application of the TNF-a-blocking antibody etanercept inhibited the activation of Wnt/b-catenin signaling in the mouse model. Pathways of apoptosis were activated in tumors dissected from rela D À / À mice, highlighting the role of the inflammatory milieu in the modulation of cell death. Histological analysis and TUNEL staining did not allow determining a specific cell type specifically sensitive to apoptosis.
In conclusion, the results of the present study show that NF-kBdependent and smoke-induced inflammation activates numerous growth pathways in cancer cells, including the Wnt/b-catenin signaling pathway.
MATERIALS AND METHODS
Animal studies
Mice with ablation of RelA/p65 in myeloid cells (rela F/F LysMCre (rela D À / À )) have been described earlier. 11, 12, 40 These mice showed depleted p65 in western blots of proteins of BAL cells (Figure 1b) . All mice were in C57BL/6 background. The animal experiments were approved by the Landesamt fü r Soziales, Gesundheit und Verbraucherschutz of the State of Saarland.
A LC metastasis model in mouse was generated by intravenous injection of 2 Â 10 5 or 5 Â 10 5 LLC cells into the tail vein. Mice were placed in a plexiglas smoke box and exposed to mainstream cigarette smoke generated by burning 3R4F reference cigarettes (College of Agriculture, Reference Cigarette Program, University of Kentucky, Lexington, KY, USA) using a smoking machine (Ugo Basile 7025 rodent ventilator, Comerio VA, Italy; average total suspended particulate ¼ 400-425 mg/m 3 ). Mice were exposed for each 20 min, five times per day for 7 consecutive days, followed by 7 days rest. Control groups were subjected to filtered air. The entire tumor-bearing lung was used for enzyme-linked immunosorbent assay analysis. The smoke exposure protocol is graphically displayed in Figure 1b . BALF and cell differential counts were obtained as described previously. 12 In one experiment, tumor cells were injected after a 7-day smoke exposure and allowed to grow for 21 days. To block TNF-a, 125 mg of etanercept (Amgen Inc., Thousand Oaks, CA, USA) or phosphatebuffered saline was injected into animals every 72 h during the smoke exposure period of the standard protocol. 41 
Cell culture
The human lung adenocarcinoma cell line A549 cells, mouse LLC cells and the human monocytic cell line U937 cells were cultured in Dulbeccos's modified Eagle's medium (DMEM, Invitrogen, Grand Island, NY, USA) supplemented with 10% fetal calf serum (Invitrogen), 100 U/mL penicillin and 100 U/mL streptomycin (PAA Laboratories GmbH, Pasching, Austria). For monocytic differentiation, U937 cells were cultured in the presence of 10 nM phorbol-12myristat-13acetat (Sigma-Aldrich, Steinheim, Germany) for 48 h. Human primary macrophages were generated as previously described. 42 
Human tissue specimens
Freshly resected tumor specimens were immediately formalin-fixed and paraffin-embedded. For the immunohistochemical analysis, we included samples from 82 patients who did not receive radiation or chemotherapy before the surgical resection of the primary lung lesion. Tumor specimens were classified as squamous cell carcinoma in 37 patients and adenocarcinoma in 45 patients. Three healthy human lung tissues served as control. The study was performed according to the rules and regulations of and the approval by the Rhineland-Palatinate ethics committee; all subjects gave written informed consent.
Preparation of CSE
CSE was prepared by bubbling smoke from two 3R4F reference cigarettes into 20-ml of serum-free DMEM at a rate of 1 cigarette/min. This medium (100% stock solution) was adjusted to pH 7.4 and was sterile filtered. CSE stock solutions were frozen in aliquots at À 80 1C.
Preparation of cell total protein extract and western blotting
In all, 10 mg microdissected tumor tissue was homogenized in the 500 ml cell lysis buffer (Cell Signalling Technology, Danvers, MA, USA) using a rotor-stator homogenizer (IKA Works Inc., Wilmington, NC, USA). Primary antibodies used for western blot analysis included: rabbit anti-p65, mouse anti-cyclin D1, mouse anti-c-jun (all three from Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-STAT3, rabbit anti-STAT3 (pTyr705), rabbit anti-c-myc, rabbit anti-Erk (pThr202/Tyr204), rabbit anti-total b-catenin, rabbit anti-GSK3b (pSer9), rabbit anti-Akt (pSer473) (all seven from Cell Signalling Technology), mouse anti-unphosphorylated b-catenin (Millipore, Temecula, CA, USA), mouse anti-PCNA (Abcam, Cambridge, UK) and mouse anti-b-actin (Sigma Aldrich). horseradish peroxidase-conjugated goat antirabbit (Abcam) or rabbit anti-mouse were used as secondary antibody (Dako, Glostrup, Denmark).
Small interfering RNA interference pSuppressorNeo (Imgenex, San Diego, CA, USA) RNA interference (RNAi) plasmids RelA were constructed with the following sequences for the RelA: 5 0 -CCCCTTCCAAGTTCCTATA-3 0 and 5 0 -TATAGGAACTTGGAAGGGG-3 0 . U937 cells were washed and resuspended at 2 Â 10 7 cells/ml in 1 ml of Gene Pulser electroporation buffer reagent (Bio-Rad, Munich, Germany), mixed with 20 mg of RelA RNAi plasmids or mock RNAi plasmids. Electroporation was performed using a Gene-Pulser (Bio-Rad, Hercules, CA, USA) at 200 V and 950 mF. The samples were then transferred to complete DMEM medium containing 10% fetal calf serum and incubated at 37 1C in 5% CO 2 . After 48 h, G418 (PAA Laboratories GmbH) was added at a concentration of 800 mg/ml. After 4 weeks, positive polyclonal populations were identified based on western blot analysis of p65 expression. Individual positive clones were isolated by limiting dilution analysis in 96-well plates. mRNA expression analysis Total RNA was isolated from microdissected tumors according to the manufacturer's recommendation using an RNeasy Mini kit (Qiagen, Hilden, Germany). Microarray experiments were performed by KFB (Kompetenzzentrum Fluoreszente Bioanalytik der Universität Regensburg, Germany) using Affymetrix GeneChip (Gene 1.0 ST; Affymetrix, Inc., Santa Clara, CA, USA) arrays. For each group, three samples were analyzed. The raw expression values were preprocessed using the Bioconductor implementation of robust multi-chip analysis (RMA) 43, 44 using default parameters. For each group and probe, the final expression value of the probe was computed as the median of the corresponding three samples. Probes were mapped to genes using the annotation data provided by Affymetrix. If several probes were mapped to the same gene, we selected the median expression value. For each comparison of two groups, we computed the genes' log fold quotient as a measure of differential expression. With these scores, ORA and GSEA were performed for all KEGG 45 and GO terms 46 using the GeneTrail server. 47 For the ORA analysis, we considered all genes that are at least twofold up-or downregulated. The input of the GSEA tests were gene lists sorted with respect to their log fold quotients mirroring their degree of deregulation. All P-values obtained were adapted for multiple hypothesis testing using false-discovery rate adjustment. 
Histological and immunohistochemical analyses
Immunohistochemistry was performed as described before 49 using the following antibodies: rabbit anti-CD68 (for mouse, Abbiotec, San Diego, CA, USA), mouse anti-CD68 (Dako), rabbit anti-TNF-a, mouse anti-Ki-67 (all two from Abcam) and mouse anti-unphosphorylated b-catenin (Millipore). TUNEL staining was performed using the DeadEnd Colorimetric TUNEL System kit (Promega, Madison, WI, USA).
Cytokine enzyme-linked immunosorbent assay assay Entire lungs were homogenized and protein concentration was measured with a bicinchoninic acid protein assay kit (Thermo Scientific, Rockford, IL, USA). TNF-a interleukin-6 and keratinocyte-derived chemokine were measured by commercially available sandwich-type enzyme-linked immunosorbent assay (R&D Systems).
Statistical analysis
Values are displayed as mean ± s.e.m. or as box and whisker plots. Comparisons between groups were analyzed by the t-test (two-sided) or analysis of variance for experiments with more than two subgroups. Posthoc range tests were performed with the t-test (two-sided) with a Bonferroni adjustment. Kaplan-Meier survival analysis and a log-rank (Mantel-Cox) test were used for evaluation of survival times t. Results were considered statistically significant for P-values o0.05.
